Abstract. The advent of pathotropic (disease-seeking) targeting has transported genetic medicine across the threshold of history with the progressive clinical validation of Rexin-G, a tumor-targeted nanosized anti-cancer agent. Achieving noteworthy single-agent efficacy and survival benefits in otherwise intractable cancers, the molecular biotechnology platform has stimulated intense interest in the underlying mechanisms-of-action. This report exhibits the effective localization of Rexin-G nanoparticles within a metastatic liver lesion, as observed upon its surgical excision.
Introduction
Rexin-G is a pathotropically-targeted replication-incompetent retroviral vector encoding a dominant-negative mutant form of the human cyclin G1 gene, an essential component of the executive cell cycle control pathways that are fundamental to cell growth (1, 2) . By targeting and thus aborting this critical regulatory component of the cell's universal replication machinery, Rexin-G is invariably lethal to cancer cells derived from all three germ layers, including their associated proliferative vasculature, which empowers Rexin-G with potent anti-angiogenic properties (3, 4) , as well as broad spectrum tumoricidal activity (5) (6) (7) . Each therapeutic nanoparticle incorporates a highly efficient and exquisitely specific targeting function to seek out and accumulate in cancerous tissues, using the abnormal or 'pathological' properties of the disease itself, specifically, the newly exposed collagenous proteins associated with cancer growth, metastasis, and tumor-associated blood vessel formation (8) . The first targeted genetic medicine of its kind to be tested in the clinic (9) , Rexin-G has achieved regulatory approval in the Philippines for the treatment of all chemoresistant solid tumors, and is approaching regulatory approval in the USA for pancreatic cancer, osteosarcoma, and soft tissue sarcomas, where it has been granted FDA Fast Track designation and Orphan Drug status, respectively.
The clinical performance of Rexin-G is a function of the multiple levels of safety and efficacy embodied in its design engineering (1), as is its broad-spectrum anti-cancer activity (10) . In terms of safety: i) the stealth vector platform allows repeated infusions without untoward immune responses; ii) the limitations of the retroviral platform become a virtue, as the vector is capable of enforcing gene expression in proliferative/dividing cells only; iii) the growth-associated designer gene is active against cancer cells and proliferative vasculature but not against normal non-dividing cells; and iv) the pathotropic accumulation in cancerous tissues essentially sequesters the vector away from non-target organs. In terms of efficacy: i) the cell cycle gene knockout provides for broadspectrum anti-cancer activity; while ii) the anti-angiogenic activity destroys tumor-associated vasculature; and iii) the pathotropic targeting leads to accumulation and high local concentrations where it is needed most, i.e., in the tumor microenvironment.
In this communication, we provide a compelling glimpse of pathotropic targeting in action: that is, the unique ability of Rexin-G nanoparticles to seek-out, accumulate in, and selectively deliver the 'killer gene' to metastatic liver lesions in a stage IVb pancreatic cancer patient, in the days preceding surgical excision of the residual tumor nodule and subsequent clinical remission of the disease. Alterations in the cellular biology of the aggressive metastatic cancer, as reflected in the observed histology, reveal the molecular mechanisms-of-action which rendered this residual tumor nodule amenable to surgical intervention.
Case study and Methods
The case study patient was a participant of an advanced phase I/II study employing a modification of the standard Cohort of Three design. A phase II efficacy component was incorporated in the phase I/II study by allowing additional treatment cycles to be given if the patient had equal or less than grade I toxicity. The principal investigator was also allowed to recommend surgical resection/debulking, and Rexin-G was continued if residual disease was found by histological examination or PET-CT scan (11) . An amendment to the New Investigational Drug application was approved by the FDA (BB-IND#11586) in July, 2007, and the clinical protocol (C07-105) was reviewed and approved by the Western Institutional Review Board, Olympia, WA 98502. The phase I/II clinical trial using Rexin-G for pancreatic cancer was registered on www. clinicaltrials.gov (NCT00504998) within one week of study initiation, and patients were recruited on a first-come firstserved basis after appropriate screening procedures were conducted. Written informed consent was obtained from each patient at the time of enrollment.
Treatment. Rexin-G is a non-replicative 'pathotropic' or disease-seeking nanoparticle bearing a functional collagenbinding motif on its envelope protein and encoding an N-terminal deletion mutant construct of human cyclin G1 under the control of a hybrid Moloney murine leukemia virus long terminal repeat promoter. The gene expression vector also contains the neomycin phosphotransferase gene driven by the SV40 early promoter, which is used for vector potency determinations. The Rexin-G vector is produced by transient co-transfection of three separate plasmids in 293T cells (human kidney 293 cells transformed with the SV40 large T antigen) maintained as a fully validated master cell bank. The final product exhibits a vector titer of 5x10 9 colony forming units (cfu) per milliliter, a biologic potency of 50-70% growth inhibitory activity in target cancer cells, <1 kb residual DNA, no detectable E1A or SV40 large T antigen, and no detectable replication competent retrovirus (RCR). The clinical vector is stored in volumes of 23 ml in 30 ml glass vials at -75±10˚C. Preparation of the Rexin-G vector for patient administration consisted of rapid thawing of the vector in the vial in a 34˚C water bath. The vector was thawed within 15-30 min prior to infusion into the patient, and given intravenously at a rate (slow push) of 4 ml/min. All personnel who handled and disposed of the retrovector observed Biosafety Level 2 compliance procedures in accordance with the National Institutes of Health Guidelines for Research Involving Recombinant DNA molecules.
The patient was given 4-treatment cycles, each cycle consisting of 4 weeks of intravenous infusions of Rexin-G, 4x10 11 cfu three times a week, followed by a two-week rest period. Surgical excision of the residual metastatic lesion in the liver was conducted after the 4th cycle was completed, and adjuvant therapy with Rexin-G was given three weeks after surgery for five more treatment cycles.
Results and Discussion
This landmark case of metastatic pancreatic cancer is typical of many in which early detection and localization of disease enable a highly-beneficial surgical operation, referred to as a Whipple's procedure, wherein the primary tumor is removed with a partial resection of the pancreas. Unfortunately, disease recurrence is all too frequent, manifesting 'metastatically' in the liver, as in this case, with a predictably poor prognosis which generally precludes any further surgical intervention. More unfortunately, the results of standard first-line chemotherapy are measured in a few months, at best, and there is currently no evidence-based second-line therapy for pancreas cancer, though numerous chemotherapeutics and biologics have been tried (12) (13) (14) . It is in this context that Rexin-G has out-performed all previous treatments (11) and now 'stands alone' as second-line therapy with FDA Fast Track status. Remarkably, this cancer patient was the last patient enrolled in an advanced and adaptive USA phase I/II study, which included a phase II efficacy component-allowing for continued Rexin-G infusions, provided as maintenance therapy in the absence of any systemic or dose-limiting toxicity. Routine follow-up studies affirmed overall safety, with no evidence of replication competency, vector integration in non-target organs, nor vector-neutralizing antibodies in patient samples.
While pancreatic cancer grows rapidly and aggressively, once it has invaded the parenchyma of the liver, often growing from one or two lesions to 'too-many-to-count' in a matter of months; this particular patient exhibited no new lesions during six months of continued Rexin-G treatment. Moreover, most of the metastatic liver lesions disappeared by CT scan, leaving a single life-threatening target lesion which had increased 2-fold in size. Remarkably, the tumor board at one notable Comprehensive Cancer Center in Los Angeles recommended a return to chemotherapy; however, a second opinion from another Los Angeles Medical Center reasoned that Rexin-G had controlled disease progression to the extent needed to consider surgical resection of the residual solitary tumor. In preparation for the surgery, Rexin-G was administered by intravenous infusion daily for three days according to the FDA-approved clinical protocol. The resulting surgical specimen was embedded for histological examination, as shown in Figs. 1-3 .
The first plate (Fig. 1) is a composite revealing a largely fibrotic mass, with extracellular matrix occupying a large proportion of the tumor volume. The epithelioid tumor cells, identified by characteristic cytokeratins, are formed in arrays that appear like 'ductal' structures in various stages of formation and degeneration with appreciable focal necrosis. Notably, a significant amount of apoptosis (50%) was observed within the tumor mass, a direct result of Rexin-G bioactivity (5, 6, 15) . Among the classic hallmarks of Rexin-G action-apoptosis, focal necrosis, anti-angiogenesis, immune cell infiltration, and reparative fibrosis, the patient's immune infiltrate is far from robust, but discernable as CD + leukocytes, helper-T and killer-T cells within the tumorous stroma, the latter of which tend to portend an improved overall survival.
The temporal proximity of the Rexin-G infusions to the surgical procedure encouraged an examination of the physical accumulation of Rexin-G nanoparticles within the tumorous tissues. Using a specific antibody directed against the targeted envelope protein of the Rexin-G vector, immunohistochemical staining revealed appreciable accumulation of the nanoparticles and/or residual envelope proteins throughout the tumor nodule (Fig. 2) . Reaching this tumor through the systemic circulation, the targeted nanoparticles had transited the tumor vasculature and spread throughout the mass, much like dye particles in a natural sponge. While the biological half-life of the tumor-targeted nanoparticles is relatively short (measured in minutes), the localized accumulation of the telltale envelope protein is evident in areas of both fibrosis and tumor formation, with particular affinities for certain cellular components-most notably, tumor cells and endothelial cells of the associated neovasculature. This preferential affinity for these proliferative target cells presumably reflects the natural unimpaired affinity of this retrovector platform for its cellular receptor, the Pit2 sodiumdependent phosphate transporter (16) , while the collagenor tumor-targeting property represents an auxiliary gainof-function (8) . Taken together with the observation of extensive apoptosis of these target cells, this surgical biopsy serves to underscore the importance of collagen patefacio (i.e., collagen exposure) (10) as an important aspect and Achilles' heel of tumor formation, one that exposes the delicate and determinate fabric of nature, and which has now been utilized to therapeutic advantage.
With mindful attention to the clinical safety and efficacy of tumor-targeted Rexin-G (10, 15) , and the gradual escalation of dosages to these highly effective levels, the implementation of pathotropic targeting may indeed change the manner in which cancer therapy will be administered and even evaluated in the future. As our understanding of the optimal dosing protocols, the precise mechanisms-of-action, and the extraordinary single-agent efficacy of Rexin-G is further documented, this progress paves the way for surgical and medical oncologists to bring forth even greater patient benefits, in accordance with the evolving praxis of molecular medicine. 
